Very preterm (VPT) birth is associated with altered cortical development and long-term neurodevelopmental sequelae. We used voxel-based morphometry to investigate white (WM) and grey matter (GM) distribution in VPT adolescents and controls, and the association with gestational age and neonatal ultrasound findings in the VPT individuals. GM and WM volumes were additionally investigated in relation to adolescent neurodevelopmental outcome. Structural MRI data were acquired with a 1.5 Tesla machine in 218 VPTadolescents (533 weeks, gestation) and 128 controls aged 14^15 years, and analysed using SPM2 software. VPT individuals compared to controls showed reduced GM in temporal, frontal, occipital cortices and cerebellum, including putamen, insula, cuneus, fusiform gyrus, thalamus and caudate nucleus, and increased GM predominantly in temporal and frontal lobes, including cingulate and fusiform gyri and cerebellum. WM loss was concentrated in the brainstem, internal capsule, temporal and frontal regions and the major fasciculi.WM excesses were observed in temporal, parietal and frontal regions. Investigation of the inter-relationships between brain regions and changes revealed that all selected areas where between-group increased and decreased WM and GM volumes differences were observed, were structurally associated, highlighting the influence that abnormalities in one brain area may exert over others. VPT individuals with evidence of periventricular haemorrhage and ventricular dilatation on neonatal ultrasound exhibited the greatest WM and GM alterations.VPTadolescents obtained lower scores than controls on measures of language and executive function and were more likely to show cognitive impairment compared to controls (27% versus 14%, respectively). Several areas where VPT individuals demonstrated decreased GM and WM volume were linearly associated with gestational age and mediated cognitive impairment.To summarize, our data demonstrates that VPT birth is associated with altered brain structure in adolescence. GM and WM alterations are associated with length of gestation and mediate adolescent neurodevelopmental impairment. Thus, anatomical brain changes may contribute to specific cognitive deficits associated with VPT birth and could be used in the identification of those individuals who may be at increased risk for cognitive impairment.
Introduction
Individuals born very preterm (VPT) (e.g. 533 weeks of gestation) and low birth weight (LBW) (e.g. 52500 g) are at risk of disruption of the normal processes of cerebral development; the immature brain is vulnerable to haemorrhage and hypoxic-ischaemic damage, often resulting in ventricular dilatation, white matter damage, immature gyral development and enlarged subarachnoid space (Inder et al., 2003) . In addition to the immediate consequences, brain lesions associated with VPT and LBW birth may adversely affect subsequent cortical development by interfering with myelination (Sie et al., 1997) . Abnormalities of brain morphology persist in later life, especially in those individuals with evidence of periventricular haemorrhage and ventricular dilatation in the neonatal period (Nosarti et al. 2002 (Nosarti et al. , 2004 . Thus, approximately half of VPT adolescents demonstrate brain abnormalities (Cooke and Abernethy 1999; Stewart et al. 1999) , with smaller cortical volumes and larger lateral ventricles compared to controls (Cooke and Abernethy 1999; Nosarti et al. 2002) . Studies looking at specific structures [hippocampus, cerebellum, corpus callosum (CC), caudate nucleus] reported decreases in size in VPT individuals compared to controls, after adjusting for cerebral volumes (Peterson et al. 2000; Allin et al. 2001; Nosarti et al. 2002 Nosarti et al. , 2004 . These abnormalities may underlie the long-term cognitive and behavioural sequelae observed in VPT samples (Stewart et al. 1999; Rushe et al. 2001; Nosarti et al. 2004; Taylor et al. 2004a) .
Voxel-based morphometry has been used to investigate the long-term effects of LBW birth on the adult brain (Allin et al., 2004) , showing distributed and spatiallycomplex regions of excesses and deficits in both grey matter (GM) and white matter (WM), as well as the effects of VPT birth on WM distribution in adolescence, showing periventricular injury and the involvement of the longitudinal fascicles (Gimenez et al. 2006a ). These results suggest that localized lesions may affect the development of distant areas-an effect that has been defined 'secondary cortical dysplasia' (Hack and Taylor, 2000) . These data also imply an alteration of WM connectivity, as do diffusion tension imaging (DTI) studies (Nagy et al., 2003) .
As part of a longitudinal study (Stewart et al., 1999; Allin et al., 2001; Rushe et al., 2001; Nosarti et al., 2002 Nosarti et al., , 2004 , we used a voxel-based automated method to investigate regional GM and WM distribution in what we believe to be the largest group of VPT adolescents to date followed-up with neonatal ultrasound, neurodevelopmental and neuroimaging data, as well as controls. We hypothesized that VPT individuals would show diffused WM and GM abnormalities, especially in the prefrontal and temporal cortices on the basis of cognitive deficits observed in VPT and LBW populations (Isaacs et al., 2000; Rushe et al., 2001; Taylor et al., 2004b) , and these alterations would be associated with neurodevelopmental outcome (Hack and Taylor, 2000) . We further hypothesized that the extent of GM and WM changes would be proportionally associated with the length of gestation (Gimenez et al., 2006a) , and that those VPT individuals who had evidence of periventricular haemorrhage and/or ventricular dilatation on neonatal ultrasound would exhibit increased GM and WM abnormalities compared with VPT individuals with normal results.
Methods Participants
Two cohorts of infants, born before 33 weeks of gestation and admitted consecutively to the Neonatal Unit of University College London Hospital (UCLH), were studied. The first series drew on all individuals born in 1979-82 (n = 223) who were enrolled for long-term follow-up (Stewart et al., 1999; Nosarti et al., 2002 Nosarti et al., , 2004 . At 14-15 years, 221 individuals were traced. Of those 205 living in the UK, 156 (76.1%) agreed to undergo assessment, including MRI (n = 128). The second cohort included a selected group of individuals born in 1983-84 (n = 147) . This selection was necessitated by an expansion in capacity of UCLH in 1983 which prevented inclusion of the entire consecutive series due to limited research resources. The selection criteria were: all individuals born at 28 or less weeks of gestation (n = 78), as well as a random sample of one in four of those born from 29 to 33 weeks of gestation (n = 69). In adolescence, 113 (76.9%) of these individuals were assessed, 90 (61.2%) had an MRI. In both cohorts, VPT participants did not differ from non-participants in gestational age (GA), birth weight (BW), family socio-economic status (SES), neonatal ultrasonographic findings, nor in neurodevelopmental status when assessed at 1, 4 and 8 years of age. Analysis of all the neurodevelopmental scores described below revealed no statistically significant differences between the two cohorts and between those VPT individuals who had an MRI scan and those who did not.
A group of 47 infants delivered at term at UCLH in 1979-80 had been enrolled to act as controls. Inclusion criteria were full-term birth (38-42 weeks) and birth weight 42500 g. Forty-five individuals were living in the UK at 14-15 years, and 21 agreed to have MRI (Stewart et al. 1999) . Additionally, 106 full-term individuals matched for year of birth and SES, recruited through advertisements in the press, were studied. Inclusion criteria were the same used for the UCLH controls; exclusion criteria included any history of neurological conditions including meningitis, head injury and cerebral infections. MRI data was obtained for a total of 218 VPT adolescents and 128 controls.
Ethical approval for the study was obtained from local ethical committees. Written informed consent was obtained from an accompanying parent and verbal consent was obtained from participants.
Neurodevelopmental outcome data
VPT participants and controls were assessed with neurodevelopmental scales assessing language [Schonnel Graded Reading Test and Schonnel Spelling Test (Schonnel and Schonnel, 1960) ], executive function and in particular cognitive flexibility [phonemic fluency with the 'FAS' test (Benton and Hamsher, 1976) , semantic fluency with the Animals and Objects Trials (Newcombe, 1969) , conceptual tracking with the Trail Making Test (Trails B) (Reitan and Wolfson, 1985) ]; verbal memory [Logical Memory subtest of the Rivermead Behavioural Memory Test (Wilson et al., 1985) ], non-verbal memory [Rey-Osterrieth Complex Figure Design (ROCFD) Recall] and visual-motor integration [Beery test (Beery, 2007) , ROCFD Copy (Osterrith, 1944) ]. Reading age was treated as a proxy for intelligence quotient (Stewart et al., 1999) . A subset of participants (116 cases and 35 controls) had a clinical structured neuromotor assessment. Neurodevelopmental data for the 1979-80 cohort was previously published (Stewart et al., 1999; Rushe et al., 2001) .
MRI image acquisition and analysis
MRI was performed on two sites. For the 1979-82 cohort and controls a 1.5 Tesla GE Signa Horizon machine (General Electric Medical Systems, Milwaukee, WI, USA) was used at the Institute of Neurology, London. For the 1983-84 cohort and controls, a 1.5 Tesla GE N/Vi Signa System machine of the same make was used at the Maudsley Hospital, London. For all participants in the two sites previously documented sequences were obtained (Nosarti et al., 2002) .
The three-dimensional MRI data sets were processed using optimized voxel-based morphometry (VBM) in Statistical Parametric Mapping SPM2 (Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK; http://www.fil. ion.ucl.ac.uk/spm/software/spm2/), running on Matlab 6.5 (Math-Works, Natick, USA). The full details of the processing protocol used in VBM are presented elsewhere (Good et al., 2001) .
A customized template of the whole brain was obtained with a standard VBM protocol (Ashburner and Friston, 2000) through normalization of the GRASS T1-weighted gradient-echo sequences for all study participants (preterm and controls, n = 311) to the T 1 -weighted stereotactic template of SPM2 using a 12 parameter affine transformation, followed by smoothing with an 8 mm FWHM isotropic Gaussian kernel (in order to reduce the effects of individual variation in sulcal/gyral anatomy). All spatially normalized images were resliced with a voxel size of 1 Â 1 Â 1 mm 3 in order to reduce the partial volume problem and insure optimal tissue segmentation. Finally all smoothed normalized images were averaged. Starting estimates for the registration were assigned by specifying the position of the anterior commissure (Ashburner et al., 1997) . This method employs a Bayesian framework, whereby the construction of posterior probability maps (PPM) based on prior knowledge of the normal variability in brain size (Good et al., 2001) allows inferences about regionally specific effects.
The normalized averaged whole brain images were segmented into grey matter, white matter and cerebrospinal fluid using a modified mixture model cluster algorithm which identifies voxels assigned to a particular tissue type combined with an a priori knowledge of the spatial distribution of the these tissue types in normal populations derived by probability maps. Segmentation includes a correction for intensity non-uniformity in order to account for image intensity variations due to differing positions of cranial structures in the MRI scanner (Ashburner and Friston, 2000) . Finally, the segmented images were smoothed with an 8 mm FWHM isotropic Gaussian filter. Smoothing is used to improve the signal-to-noise ratio, as it reduces the influences of individual variations in gyral anatomy after spatial normalization and permits application of Gaussian random-field theory for corrected statistical inference (Friston et al., 1995) .
Separate stereotactic customized grey and white matter templates were created with an optimized VBM protocol (Good et al., 2001) , by averaging all the 311 smoothed normalized grey/ white matter images from the standard VBM protocol described earlier using affine transformation with sinc interpolation algorithm. Images from the whole group were chosen in order to minimize any potential bias for spatial normalization. Customized priors were computed from these templates, which were used to improve the accuracy of the extraction of grey and white matter of each subject in the normalization process described in the text (Good et al., 2001) .
All original MRI images (in native space) were segmented into GM and WM using a SPM2 script. Non-brain voxels were removed from the segmented images. The extracted GM and WM images were spatially normalized onto the customized GM and WM templates using the optimum 12-parameter affine transformations. The spatially normalized images were segmented into GM and WM and subjected to a second extraction of normalized segmented GM and WM images. A brain extraction and cleaning procedure was applied and the cleaned GM and WM images were modulated, i.e. the spatially normalized GM and WM were multiplied by their relative volumes before and after spatial normalization, in order to adjust for the expansion and shrinkage of voxels that can occur during spatial normalization (Ashburner and Friston, 2000) . Finally, the segmented images were smoothed using an 8 mm full-width half-maximum (FWHM) isotropic Gaussian kernel (Ashburner and Friston, 2000) . All the described SPM2 steps were fully automated. The estimates of the adjusted group means were compared using a linear contrast (control versus preterm group-firstly including and secondly excluding the subjects with evidence of uncomplicated periventricular haemorrhage (PVH) and ventricular dilatation (DIL) on neonatal ultrasound, to calculate t values at each voxel. The resulting statistical parametric maps (SPM) from these contrasts (based on probability assignment to WM or GM) were transformed to the unit normal distribution SPM (Z). Group effects according to neonatal ultrasound classification in VPT individuals were compared: (i) normal (NM); (ii) PVH; (iii) PVH + DIL (Nosarti et al., 2002) . Firstly, analyses used gender and chronological age at time of assessment as covariates. Separate analyses were conducted for the two MRI acquisitions sites and showed virtually identical results (available upon request). Therefore, images from the two sites were combined, and acquisition site was added as a confounder (Schnack et al., 2004) . All analyses were adjusted for gender, chronological age at assessment and MRI acquisition site. Voxel level local maxima more than 8.0 mm apart with a P value corrected for family-wise error (FWE) of 50.05 are reported in Tables 2-4. Simple linear regression of gestational age (number of completed weeks) to WM and GM maps was performed at each voxel. From the location where significant group differences were obtained, GM and WM values were calculated for each cluster in each scan using SPM's volume of interest (VOI) data extraction tool. One-sample Kolmogorov-Smirnov tests were performed, which revealed a normal distribution of the data. In order to explore structural covariance in areas where significant group differences were observed, GM and WM values from selected areas were investigated with correlation analyses (Mechelli et al., 2005) . When investigating neurodevelopmental outcome data, we conducted two sets of analyses in order to: (i) demonstrate the quantitative contribution of anatomical brain alterations to severity of cognitive deficits and (ii) demonstrate the clinical significance of this association. First, linear regression models were constructed using the neurodevelopmental scores where VPT individuals showed significant differences from controls, global executive function and language scores, as dependent variables, and all regions of between group GM and WM differences and group membership (VPT or control) as predictors. Next, we classified all subjects in the study, VPT participants and controls as 'cognitively impaired' or 'cognitively normal'. Impairment was defined as performance of 1SD or more below the mean of the control group for both language and executive function scores. This criterion follows the commonly used definition of clinically significant impairment used in the neuropsychological literature (Lezak, 1995) . GM and WM volume data were categorized into quartiles and then a test of linearity was performed treating the quartile assignments as linear. Binary logistic regression models were created using quartiles of extracted values for selected regions of GM and WM as predictors.
Results
Thirty-five scans could not be analysed due to movement (3 VPT, 14 controls), signal artefact (6 VPT, 10 controls) or ventricular enlargement (2 VPT). Thus, a total of 207 VPT individuals and 104 controls were studied. ( 2 = 3.1, P = 0.38), height (F = 2.1, P = 0.15), or body mass index (BMI) calculated as (weight/height 2 ) (F = 1.2, P = 0.28). However, the two groups differed in head circumference (F = 17.1, P50.0001), and chronological age at time of assessment (F = 16.2 P50.0001).
The VPT group showed worse performance than controls on global scores of language and executive function (F = 12.4, P = 0.001; F = 21.49, P50.0001, respectively). Global language and executive scores were positively associated with length of gestation in the VPT group (r = 0.14, P = 0.04; r = 0.21, P = 0.002, respectively). Mean, SD and range are given, unless otherwise specified. a For controls: birth weight (n = 67) and gestation (n = 72). b Adjusted for participant's chronological age at assessment and gender.
c Global scores are calculated as the sum of domain-specific Z scores: for the VPT group these were calculated using means and SDs from the control group, which are omitted from the table as by default they are set at 0 and 1. d Longer response time refers to poorer performance. After Bonferroni's correction, Ã P50.05; ÃÃ P50.01; ÃÃÃ P50.001. Before Bonferroni's correction: spelling age (F = 9.6, P = 0.002), reading age (F = 11.8, P = 0.001), phonological fluency (F = 12.2, P = 0.001), semantic fluency (F = 9.8, P = 0.002), Trails B (F = 10.0, P = 0.002).
Grey and white matter differences
VPT adolescents compared to controls showed extensive areas of decreased GM volume (e.g. the absolute amount of GM in different regions), bilaterally distributed, predominantly in the temporal lobe, extending medially to the basal ganglia (putamen), superiorly to inferior frontal gyrus and inferiorly to cuneus and precuneus. Subcortical GM nuclei such as the thalamus and the caudate also showed decreased volume. Larger GM volume was found bilaterally in frontal cortices, cerebellum, middle temporal, parahippocampal and fusiform gyri ( showed smaller GM volume in brain regions almost identical in number and location to those observed in the analysis comparing all VPT individuals to controls (see supplementary appendix, Table 1A ). However, when the PVH+DIL group was excluded, the only larger GM volumes observed in VPT individuals were in the right cingulate gyrus, right middle temporal gyrus and left parahippocampal gyrus. Smaller WM volume in the VPT group was diffused, with peak in brainstem extending to internal capsule, and in temporal and frontal regions, including the anterior cingulate gyrus, insula, CC and occipito-temporal fasciculus. Larger WM volume was observed predominantly in fusiform gyrus, parietal, temporal and frontal regions ( Table 3 , Fig. 1 ). When the PVH + DIL group was excluded, VPT individuals showed a very similar number and location of clusters of smaller WM volume to those obtained in the analysis comparing all VPT individuals to controls (see supplementary appendix, Table 1A ). When investigating larger WM volume excluding the PVH + DIL group, only the following regions remained statistically significant: fusiform gyri bilaterally, right parietal and frontal areas and posterior cingulate gyri bilaterally. Figure 2 shows the distribution of WM values in the largest cluster of WM where VPT individuals displayed decreased volume compared to controls (e.g. brainstem), and of GM values in the largest cluster of GM where VPT individuals showed decrease volume compared to controls (e.g. middle temporal gyrus).
Structural associations for a sample of the four most significant clusters for each contrast (e.g. WM decreases, WM increases, GM decreases and GM increases) were explored with correlation analyses; when more than one cluster was centered in the same anatomical location, the adjacent most significant cluster was modelled. All selected regions of interest (same as those displayed in Table 6 ) were structurally positively associated and all associations had P50.01, after Bonferroni's correction. However, as both areas of increased and decreased WM and GM volume were entered in the analyses our results revealed both positive and negative associations. Regions were defined as been positively associated when increased/ decreased values in one area were associated with increased/decreased values in another (e.g. GM decreases in middle temporal gyrus positively correlated with WM decreases in the brainstem), and negatively associated when increased values in one area were associated with decreased values in another (e.g. WM decreases in inferior temporal gyrus positively correlated with GM increases in cingulate gyrus). 
Correlation with gestational age
Gestational age was positively correlated with GM volume bilaterally in a large area with peak in the sensorimotor cortex (BA 6), including portions of the inferior frontal and superior temporal gyri and insula; in the cerebellum, middle temporal and fusiform gyri and thalamus. WM volume proportionally increased with gestational age especially in the precentral and postcentral gyri bilaterally, and in the brain stem and major white matter tracts, such as the CC and the longitudinal fasciculus (Table 4) .
Neonatal ultrasound and grey and white matter distribution in the adolescent brain
In VPT individuals, GM and WM distribution was compared according to neonatal ultrasound classification, i.e. NM versus PVH; NM versus PVH + DIL and PVH versus PVH + DIL (Table 5 ). No differences in GM and WM volume were observed between the NM and PVH groups. The PVH + DIL compared to the NM group showed smaller GM volume in thalamus and cerebellum bilaterally and larger volume in precuneus and medial frontal gyrus. Smaller GM volume in thalamus was also observed in the PVH + DIL group compared to the PVH group. When investigating WM, the PVH + DIL compared to the NM group showed smaller volume in temporal gyri bilaterally, and in the left limbic lobe, the cerebellum and CC; additionally, it showed larger volume in the middle temporal and fusiform gyri of the right temporal lobe and in the occipital lobe bilaterally. Larger WM volume in the left parietal cortex and in the right fusiform gyrus was observed in the PVH + DIL compared to the PVH group.
Neurodevelopmental outcome and grey and white matter distribution in the adolescent brain
Linear regression demonstrated a strong relationship between group membership (VPT or control) and global language and executive (global language, F = 18.9; P50.0001; executive scores, F = 11.8; P = 0.001). To examine if GM and WM alterations laid on a causal pathway between gestation and neurodevelopmental outcome we performed linear regression analyses using global executive function and language scores as dependent variables and all regions of between group GM and WM differences (volume decreases and increases) and group (VPT or control) as predictors. Results revealed that structural alterations accounted for 29% of the variance of executive function (F = 2.3, P50.0001) and 28% of language scores (F = 2.3, P50.0001), while group membership was no longer statistically significant (F = 3.21, P = 0.07 and F = 1.98, P = 0.16, respectively). Participants were further classified as 'cognitively impaired' on the basis of their average performance on both global executive function and language measures. 14% of the controls and 27% of VPT adolescents were classified as impaired ( 2 = 6.11, P = 0.013). Results of binary logistic regression models, using quartiles of extracted values for selected regions of GM and WM as predictors (i.e. the same areas used for exploration of inter-regional associations), revealed that all selected areas of GM and WM decreases in VPT participants compared to controls were predictive of cognitive outcome (Table 6 ). For example, every 25% decrease in quartiles of WM values in middle temporal gyrus was associated with a 60% increase in the risk of cognitive impairment. Only two brain areas where VPT participants were found to have increased volume compared to controls, WM in cingulate gyrus and GM in middle temporal gyrus, were predictive of cognitive outcome.
Discussion
This study demonstrated that VPT birth is associated with widespread alterations in brain structure in adolescence. Not only were conspicuous localized patterns of lower GM and WM matter probability observed in VPT adolescents compared to controls, but higher probability was noted in regions adjacent to, and distant from, the areas with decreased probability. This pattern of GM and WM distribution is in line with pathological (Hargitai et al., 2004) and neuroimaging data (Allin et al., 2004) and is best interpreted within a 'neuroplastic' framework, which posits that developmental changes in any brain region may result in a cascade of alterations in many other regions (Hack and Taylor, 2000) .
Concerning GM, VPT adolescents showed decreased volume in regions where volume reductions have been previously reported in VPT and LBW populations. These comprised the temporal lobe bilaterally (Peterson et al., 2000; Reiss et al., 2004) including putamen, insula, and precentral gyrus (Allin et al., 2004) , extending superiorly to inferior frontal gyrus and inferiorly to cuneus and precuneus; in the fusiform gyrus bilaterally, cerebellum (Peterson et al., 2000; Allin et al., 2001) , thalamus Medial frontal gyrus (6, 62, À17) 1.10 0.45 0.86^1.39 Anterior cerebellum (À12, À44, À3)
1.20 0.14 0.94^1.54 a WM and GM values for a sample of the four most significant clusters for each contrast were used, recoded into quartiles; when more than one cluster was centred in the same anatomical location, the adjacent most significant cluster was modeled. b Defined as SDs À1.0 below the control group mean, for both executive function and language measures. (Gimenez et al., 2006b) and right caudate nucleus (Abernethy et al., 2002) . Some of these areas may be particularly susceptible to cerebral injury during the third trimester of gestation, and following hypoxic-ischaemic episodes associated with VPT birth. The nature of the GM and WM changes is difficult to interpret as the quantitative MRI provides a measure of concentration or density of a region of tissue (Good et al., 2001) , but gives no information about cell cytoarchitectural structure such as neuronal packing or cell morphometry. Thus, from these results, we can only speculate that GM loss may reflect compromised synaptogenesis, which in turn could result in increased tissue atrophy (Huttenlocher and Dabholkar, 1997) , or that reductions in synaptic density may be accompanied by increased myelination, which could result in some brain regions changing from grey to white matter signal on MRI (Sowell et al., 1999) . If this hypothesis is true, decreased GM volume in VPT individuals may underlie disrupted myelination processes, consistent with studies reporting associations between WM injury and impaired GM development (Inder et al., 2003 (Inder et al., , 2005 . Lower WM probability in VPT adolescents was diffused (Allin et al. 2004; Reiss et al., 2004) , and was observed in some brain regions which have previously been reported as altered in VPT and LBW samples. These included, mostly bilaterally, the brainstem (Hargitai et al., 2004) , internal capsule (Partridge et al., 2004) , subthalamic nuclei, the pons, temporal and frontal regions, including the anterior cingulate gyrus, insula, occipito-frontal fasciculus (Gimenez et al., 2006a) and CC (Cooke and Abernethy, 1999; Peterson et al., 2000; Nagy et al., 2003; Nosarti et al., 2004) . Perinatal WM injury may be partly explained by the vulnerability of the developing structures to hypoxicischaemic damage and haemorrhage, possibly due to the intrinsic vulnerability of immature oligodendrocytes (Back et al., 2001) .
The current study suggests that developmental changes following VPT birth and early brain insult do not simply result in GM and WM tissue loss, but in complicated patterns of cortical and subcortical alterations (Allin et al., 2004) . Increased GM probability was observed bilaterally in the cingulate gyrus, temporal and frontal lobes, left cerebellum and right precuneus and fusiform gyrus. WM excesses were observed in fusiform gyrus, temporal, parietal, and frontal regions. In some instances, GM increases were observed adjacently to WM decreases (e.g. cingulate gyrus); and WM increases were observed adjacently to GM decreases (e.g. frontal lobe). Increased tissue probabilities in VPT adolescents compared to controls could be secondary to less efficient or delayed programmed cell death in selective developing cortices, or may reflect delayed processes of synaptic pruning. Although other groups have reported larger selective brain areas in VPT individuals compared to controls (Peterson et al., 2000; Allin et al., 2004) , there is a marked paucity of previous reports of increased GM and WM matter volumes in VPT populations, due to the fact that the majority of studies so far have adopted a region of interest approach rather than computational morphometry, which identifies local changes in WM and GM concentration throughout the brain.
Investigation of the inter-relationships between brain regions and volumetric changes revealed that all selected areas where between-group increased and decreased WM and GM differences were observed, were structurally associated, highlighting the influence that abnormalities in one brain area may exert over others. These findings are in line with the results of other recent investigations with very preterm infants, which reported significant associations between WM injury and abnormalities in deep GM structure (Boardman et al., 2006) .
Comparison of WM and GM distribution within VPT adolescents according to neonatal ultrasound classification suggested that those individuals who experienced the greatest degree of perinatal insult, i.e. PVH + DIL, other then being vulnerable to developmental compromise (Vollmer et al., 2006) , exhibit the greatest extent of cortical and subcortical alteration. This is reflected by both WM and GM volume increases and decreases compared to VPT individuals with normal ultrasound results. Furthermore, when the PVH + DIL group was excluded from the VPT versus controls analyses, areas of increased tissue probability in VPT individuals dramatically decreased, whereas areas of decreased probability remained almost unaltered. This suggests that when VPT birth is accompanied by severe brain injury, extensive plastic processes occur in order to compensate for the effects of cell loss caused by the injury, demonstrating both specific deficits and adaptive developmental changes. It could be speculated that the extra cells and synapses produced by the developing brain, which are normally later 'pruned', may provide the mechanism underlying enhanced early plasticity, and maintain existing projections that would otherwise have been 'pruned', as has been demonstrated in animal models (Lindholm, 1994) . Other explanations could include increased synaptic sprouting (Noppeney et al., 2005) , and precocious prefrontal maturation associated with stunted final capacity (Teicher and Ito, 1996) . However, selective regions of WM in frontal, parietal and occipital cortices and GM in cingulate, temporal and parahippocampal gyri were also increased in VPT with normal neonatal ultrasound classifications. These results suggest the existence of widespread compensatory processes following 'uncomplicated' VPT birth, although these are not as extensive as those observed in preterm individuals with the most severe neonatal ultrasound ratings.
The current results suggest that there may be selective vulnerability associated with the stage of development of different brain regions. Non-linear dynamic changes are observed in normative samples between childhood and adolescence in both GM and WM. GM volume in the frontal lobes increases during preadolescence, followed by a decline in teen age years with the prefrontal cortex not being fully mature until late adolescence. In temporal lobes, GM development is also non-linear; the peak being reached at about 16-17 years (Sowell et al., 2002; Barnea-Goraly et al., 2005) . We report foci of GM deficit and GM increase in bilateral temporal and frontal lobes in the brains of VPT adolescents. Most of the temporal foci suggested decreased GM, whereas the predominant difference in frontal lobes was of GM excess. These findings are consistent with global maturation delay in the brain development of VPT adolescents. VPT individuals may follow an essentially normal trajectory of cortical development but in midadolescence, may not yet have 'caught up' with controls and show regional GM densities consistent with those of a younger age. However, the extensive brain anatomical differences observed in the current study suggest that brain development following VPT birth appears to be both different and delayed. It remains yet to be established whether the observed differences in the VPT sample will persist in adult life. The identification of GM and WM differences in 'late developing' cortices could potentially allow for interventions aimed at minimizing the impact of anatomical alterations to be devised, so as to preserve the functional attributes of these brain regions.
Several of the areas where VPT individuals demonstrated altered GM and WM concentration were linearly associated with gestational age. The most immature individuals had decreased GM bilaterally in the sensorimotor cortex, including portions of the inferior frontal and superior temporal gyri and insula; and decreased WM probability especially in pre-and post-central gyri bilaterally, the brainstem and major WM fasciculi (Partridge et al., 2004; Gimenez et al. 2006a) . A direct association between immaturity and altered GM and WM probability could be understood in relation to the timing of formation of axonal projections and primary connections between neurons, i.e. the second half of gestation. Abnormalities in neuronal migration may result in cytoarchitectonic changes and subsequent abnormalities in axonal projections and WM tracts (Nagy et al., 2003; Barnea-Goraly et al., 2005) , as well as in deep nuclear GM in VPT cohorts (Inder et al., 2005) . Furthermore, during the period between premature birth and term, fibre organization and myelination of VPT infants may not 'keep up' with that taking place in the brains of term-born children who are still in the intrauterine environment (Counsell and Boardman, 2005) .
VPT individuals obtained lower scores than controls on selective standard assessments tapping language and highorder cognitive functions. The identification of selective cognitive weaknesses associated with VPT birth that persist into adolescence may have important implications for academic as well as vocational training, by highlighting areas whose function could possibly be improved by means of explicit teaching of organizational strategies and other methods to enhance learning (Taylor et al., 2004a) .
Lower neurodevelopmental scores were associated with lower gestational age, replicating previous findings (Hack and Taylor, 2000) . However, our results suggested that GM and WM concentration where between-group anatomical differences were observed, rather than group membership (e.g. VPT or control), were predictive of language and executive function scores. In other words, our results suggest that GM and WM values in brainstem, frontal, temporal and limbic regions mediate the relationship between VPT birth and adolescent 'cognitive impairment', and could be used as a clinical marker for the identification of those individuals at increased risk for cognitive impairment, at whom targeted interventions could be directed.
Strengths of our study include the fact that it is the largest published consecutive sample to date of VPT adolescents who have been extensively studied over time, and the analysis of in vivo MRI data with VBM, which is an unbiased automated quantification method. Methodological limitations of VBM include the difficulty in normalizing images with substantial distortion in their anatomy, which we attempted to address by using a customized template (Good et al., 2001) ; the heterogeneity of the population used to generate the a priori customized brain templates, and the nature of the statistical inferences used in SPM, which assume normally distributed data. There is evidence however that this latter limitation is confined to non-balanced study designs (Salmond et al., 2002) . Additional limitations of the current study include the reliance on neonatal cranial ultrasound to assess earlier cerebral abnormalities, given clear evidence demonstrating that ultrasound is much less sensitive to diffused WM abnormalities than MRI (Volpe, 2003) and is therefore likely to under-represent children with earlier cerebral abnormalities. Other limitations comprise the age difference between the studied groups, although age was used as a confounder in the analyses: controls were recruited by year of birth ; therefore the age difference between the groups was explained by the fact that controls were tested a few months before the VPT participants. A further issue on the use of a full-term birth volunteers, although matched by year of birth and SES, relates to other potential differences that are either unknown or difficult to take into account.
To summarize, VPT birth is associated with alterations of GM and WM volume. In several brain areas (e.g. frontal and temporal cortices) these alterations are linearly associated with length of gestation and mediate adolescent neurodevelopmental outcome. This suggests that alternative or delayed patterns of brain development following VPT birth may be at least partly responsible for subsequent cognitive impairment.
Supplementary material
Supplementary material is available at Brain online.
White and grey matter and preterm birth
Brain (2008), 131, 205^217
